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Penta-graphene (PG), composed of carbon pentagons, has attracted considerable attention because of its
unique atomic configuration and novel properties. Here, for the first time, we study the effect of grain
boundaries (GBs) on the thermal transport properties of PG by using non-equilibrium molecular dy-
namics simulations. Compared with pristine PG, the thermal conductivity of grains in polycrystalline
penta-graphenes (PPGs) decreases by about 20%. The boundary conductance of PPGs with different GBs is
in a small range of 0.43 x 10'° to 0.57 x 10'° W/mK, which differs from the situation of polycrystalline
graphene where the boundary conductance decreases dramatically with the increase of grain orientation
angles. The critical size of the grains is found to be about 25 nm, below which the contribution from GBs
to the thermal conductivity is comparable to that from the grains. This critical size is much smaller than
that of polycrystalline graphene (100 nm). A detailed analysis of the phonon group velocity and vibra-
tional density of states reveals that the geometric anisotropy and the phonon scattering induced by the
GBs in PPG are the main reasons for the reduction of thermal conductivity. Our study sheds lights on

tuning thermal conductivity via GB engineering in 2D materials.

© 2019 Published by Elsevier Ltd.

1. Introduction

We recently proposed a two dimensional (2D) carbon allotrope,
penta-graphene (PG) [1], composed entirely of carbon pentagons,
which is structurally related to the previously studied T12-carbon
[2]. Its geometric structure resembles a famous 2D pattern named
Cairo pentagon tiling, and its thermodynamic stability is over the
experimentally synthesized dodecahedral Cyg [3], implying that PG
could be realized experimentally. PG has received tremendous
attention because of its exotic atomic configuration and intriguing
properties [4—36]. Based on the geometric structure of PG, other
pure pentagon-based 2D materials including penta-SiC, [14—16],
penta-B,C [17], penta-PdS, [18], penta-CN, [19], penta-silicene
[20], penta-ZnO, [21], penta-SnX, (X=S, Se, or Te) [22], and
penta-AlN; [23], have been theoretically proposed or experimen-
tally synthesized [24]. Further studies on the properties of PG have
also been carried out [7,9,16,26—31]. For example, Quijano-Briones
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et al. studied the structural and electronic properties of PG nano-
tubes and doped PG [34,35]. Liu et al. investigated the electronic
and magnetic properties of PG when introduced a hydrogen atom
[36]. Besides, stimulated by the fantastic thermal transport prop-
erties of carbon allotropes, the thermal conductivity is particularly
of interest and has been widely studied [16,28—30,32,33]. For
instance, the room temperature lattice thermal conductivity of
amorphous carbon is about 0.01 W m~! K~ [37] while the value for
graphene is in the range of 3000-5800 W m~!K~! [38—41]. The
thermal conductivity of PG was found to be 167 W/mK by using
classical equilibrium molecular dynamics simulations [32], which is
much lower than that of graphene. To further tune the thermal
conductivity of PG, several approaches have been proposed. For
example, Liu et al. [ 16] studied the effect of external tensile strength
on the thermal conductivity of PG, and found that the thermal
conductivity of PG decreases monotonically by stretching. Wu et al.
[29] found that, in contrast to graphene, hydrogenation of PG can
significantly increase the thermal conductivity, which results from
the weaker anharmonicity of the C-C bonds.

In addition to strain effect and surface modulation, it has been
demonstrated that introducing line defects is also an effective way
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to tune the thermal transport properties of materials [42—45]. The
most common line defect is grain boundary (GB) in polycrystals and
its influence can be quantified by Kapitza conductance (boundary
conductance) [46,47]. For graphene, Hahn et al. [48] found that the
nanograins with a radius of gyration of 1 nm leads to a reduction of
the thermal conductivity of 3%, because of the decrease of vibra-
tional state with high density induced by GBs. Ma et al. [49] showed
that the thermal conductivity of graphene sheet dramatically de-
creases with decreasing grain size by a small thermal boundary
conductance of 3.8 x 10° W/m?K. Theoretically, it was found that
the contribution of GBs to thermal conductivity becomes compa-
rable to that from grains when grain size is below 0.1 um [50]. These
findings imply that GBs play an important role in tuning the ther-
mal transport properties of graphene. However, to our best
knowledge, there are no studies reported so far on the effect of GBs
on thermal transport properties of PG, which motivates us to
conduct this research.

In this paper, we systematically study the effect of GBs on the
thermal transport properties of PG and focus on the two questions:
(1) What are the stable geometric configurations of GBs in PG? (2)
What is the effect of GBs on the thermal transport properties of PG?
To answer the questions, we first determine the stable GB models of
PG, and then we calculate the thermal transport properties of the
polycrystalline PGs (PPGs) with different grain orientations. We
find that the boundary conductance is largely dependent on the
defect density (number of non-pentagon rings) in the GB region,
and the geometric anisotropy and grain size play important roles in
determining the thermal conductivity of polycrystalline PG.

2. Computational methods

We use the reverse non-equilibrium molecular dynamics
(RNEMD) method [51] to calculate the thermal conductivity. The
main idea of this method is to develop a heat flux through the
structure and obtain temperature gradient along the heat flux di-
rection. By transferring energy from a “cold” slab, located at the
ends of simulation model, to a “hot” slab, located at the middle of
simulation model, the heat flux is imposed in the model. This is
realized by exchanging the velocities of the hottest atom in the cold
slab with the coldest atom in the hot slab, as is shown in Fig. 1. The
heat flux introduced in this model is described as

1
9= ng (”ﬁot - vgold) (1)

where q is heat flux, t is the time of energy transferring, Ay, is the
cross-sectional area perpendicular to the hot flow direction,
defined as Ay, =wd, (w and d are the width and thickness of the
sheet, respectively). The interlayer distance of graphite (3.35 A), is
chosen as the thickness when dealing with graphene [52]. Wu et al.

choose this value as the thickness of PG to study their thermal
conductivity to make a comparison with other 2D materials [29].
The thickness of PG can also be defined as the sum the structural
buckling height and two van der Waals radius of carbon atoms
(4.8 A)[32]. In our study, we choose the former one to calculate the
thermal transport properties of PG with grain boundaries, which
can eliminate the effect of thickness when comparing with the
corresponding properties of graphene. v, and vgyq are the veloc-
ities of the hottest and coldest atoms in the cold and hot regions,
respectively. The factor 2 represents the two directions of heat flux.
Based on Fourier's law, the thermal conductivity can be derived
from the heat flux as

q
k:anm 2)

where k is thermal conductivity, 8T /0x is temperature gradient
along the heat transport direction.

In addition to the phonon-phonon scattering happened in the
sample, phonon scattering also exists at the heat baths or bound-
aries, when a heat flux travels through the structure. The latter
becomes dominant when sample size is smaller than the phonon
mean free path (MFP) [53,54]. In this scenario, the thermal con-
ductivity depends on the sample length. The two phonon scattering
mechanisms lead to the size effect of thermal conductivity. The
thermal conductivity and sample length L satisfy the relation

17 1 lphfph
Efﬂ( I +1) (3)

where k,, is the thermal conductivity of the sample with an infinite
length and Ipp_pp is the effective phonon mean free path. As implied
by Eq. (3), a plot of the inverse of thermal conductivity versus the
size of sample length should be a linear curve.

The Kapitza conductance G, namely boundary conductance, is
defined as the ratio of heat flux g to the temperature jump AT [47]:

q
G=x7 (4)

The RNEMD simulations are carried out by using the large-scale
atomic/molecular massively parallel simulation (LAMMPS) molec-
ular dynamics package. For potential, Szymon et al. [55] tested the
interatomic potentials for PG and found that Tersoff-type potential
proposed by Erhart and Albe [56] in 2005 can reasonably describe
the structural, mechanical and energetic parameters of PG. While
Wen et al. [32] found that the original Tersoff potential can not only
describe the structural and mechanical properties of PG, but also
gives a well reproduction of unusual Poisson's ratio and phonon
dispersion within 25 THz. We have calculated the length of C-C
bonds in PG with Tersoff potential. The bond length between sp>
and sp? C atoms is 1.55 A, while the value for two sp? C atoms is
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Fig. 1. The model used in RNEMD simulation. The hot and cold slabs are located at the middle and ends of the supercell, respectively. (A colour version of this figure can be viewed

online.)
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1.48 A (see Fig. S1). These results are consistent with those of DFT
calculations, which verifies the validity of choosing Tersoff poten-
tial for PG [1]. Therefore, in this study, we choose the original
Tersoff potential for calculations.

The simulation time step is set to 0.5 femtosecond (fs) and pe-
riodic boundary condition is applied to all the three directions. The
structures are first thermalized in NVT ensemble at room temper-
ature for 1 x 10° steps, and then run in NVE ensemble for another
1 x 10° steps until the forces on atoms are less than 10~8 eV/A. The
atoms in hot and cold regions are exchanged every 100 time steps.
Structures are allowed to evolve for 5 x 10° time steps to obtain a
steady temperature profile. Then, the temperature gradient is ob-
tained after over 9.5 x 10° time steps. Every structure is divided
into 50 slabs.

3. Results and discussion

Unlike the well-established GB structures in graphene
[50,57—60], there is no study reported so far on GB structures in PG.
Therefore, we first need to find the stable GB structures. Six GB
structure models with the orientation angles ranging from 16.26°
to 53.13° are generated based on CSL theory [61], choosing the y
axis as the GB edge and the z axis as the rotation axis, where the
two grains are rotated by a small angle until their surface planes
coincide with each other. For a given misorientation angle, there
are several possible geometric configurations. The stable GB
structures can be identified through structural optimization of
different initial structures. More details can be found in section S2
and S3 of Supplementary Material. Since these constructed GB
models are generally under strain due to the unsaturated bonds in
the GB regions, we optimize the six geometries, and calculate their
GB energies Egp, which is defined as Egg = (Eppc — Epc)/4l, where
Eppc and Epg are the total energies of PG with and without GBs,
respectively, and ! is the length of the GB edge. The factor of 4 ac-
counts for the existence of four equivalent GBs in the supercell. The
calculated results are given in Fig. 2. The three structures of PPGs
with GB orientation angles of 16.26°, 22.61°, and 31.89° are plotted
in Fig. 3. The length of I is the periodic length along the direction, as
shown in Fig. S4. One can see that the structures with GB orienta-
tion angles of 16.26°, 22.61°, and 31.89° have smaller Egp as
compared to that of others. Therefore, we choose the three low-
laying energy structures of PPG for further investigation. We note
that the GB regions in PPG are composed of 4-, 5-, 6-, and 7-rings,
which are less regular than those of graphene [50], leading to
complicated behaviors of energy changes with the angle. For
example, when going from 16.26° to 22.61° and 31.89°, the 5-
member ring density (the ratio of the number of pentagons to
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Fig. 2. Calculated GB energies with the different orientation angles. (A colour version
of this figure can be viewed online.)

the total number of the rings) increases from 0.17 to 0.33 and 0.40,
and the total non-5-member ring density decreases from 0.83 to
0.67 and 0.60, while the GB energy oscillates as shown in Fig. 2,
suggesting that there is no simple relationship between GB energy
and the type of defect.

To validate our computational method, we first calculate the
thermal conductivity of pristine PG. The temperature distribution
along the length direction is plotted in Fig. 4(a), which exhibits
linear patterns away from the hot and cold ends, as indicated in
orange lines. The nonlinear parts are caused by the edge effects,
while only the linear portions are considered when calculating the
temperature gradient. We find that the calculated thermal con-
ductivity of PG depends on the size of the model, and the values are
32.34, 52.94, and 68.36 W/mK for the length of 25, 50, and 75 nm,
respectively. The variation of the inverse of thermal conductivity
with the inverse of grain size for PG is plotted in Fig. 5(a). We then
extract the thermal conductivity by extrapolating the linearly fitted
curve (red dotted line in Fig. 5(a)), and find that kpg is 151.52 W/mK
from the intercept. This value is in good agreement with the pre-
vious MD result (167 W/mK) [29], confirming the reliability of the
method used in our work. The small difference is attributed to the
different thicknesses and ensembles applied during the simula-
tions. The thermal conductivity of PG when choosing the thickness
of 4.8 A is discussed in section S5 of Supplementary Material.

Next, we study the thermal transport properties of PPGs with
the three different orientation angles. In previous study, the total
length of polycrystalline graphene is set as 25nm, 50 nm, and
75 nm [50]. For convenience of comparison, we choose these values
to perform our MD simulations for PG, which can eliminate the size
effect in calculating thermal conductivity. Because the four GBs are
equivalent, the length of two neighbouring blue area is a quarter of
the total length. Since we use NPT ensemble to fully relax the
structure, the internal stress is released during the optimization.
Therefore, the length has little effect on the stress inside the PPGs.
We note that the major difference between temperature profiles of
pristine and PPGs, as shown in Fig. 4(a) and (b), respectively, is the
existence of the sharp jumps at each position of grain boundaries
for the system with the orientation angle of 22.61°. The jumps
separate the linear parts of temperature profile from the two
neighbouring grains. We then calculate the thermal conductivity of
the grains with different orientation angles. The variation of the
inverse of thermal conductivity with inverse of system size (box
length) is plotted in Fig. 5(a). One can see, similar to pristine PG,
that the inverse of thermal conductivity of the oriented grains has
an almost linear relationship with the inverse of system size. The
calculated thermal conductivities are 120.48, 112.36 and 128.20 W/
mK for the grains with orientation angles of 16.26°, 22.61°, and
31.89°, respectively. We note that the thermal conductivity of the
grains decreases by about 20% as compared to that of pristine PG
(151.52 W/mK). There are two possible reasons accounting for the
reduction. One is the increase of additional phonon scattering in
the GB regions, leading to a decrease of the thermal conductivity.
The other is the geometric anisotropy that reduces the thermal
conductivity, because the directions are non-equivalent in the PPGs
due to the square 2D lattice of PG. To further understand it, we take
the 22.61° grain as an example and study the thermal conductivity
of this defect-free structure with a certain orientation angle
(rotated PG) to avoid the effect of the phonon scattering at GB.
Fig. 5(b) shows the relationship between the thermal conductivity
and sample size, where we obtain the thermal conductivity of PG
with 22.61° orientation by extracting the intercept (128.21 W/mK).
In this case, the thermal conductivity also decreases by nearly 15%,
indicating that the anisotropic effect of PG is a key factor to
determine its thermal conductivity. Compared with the value of
112.36 W/mK, one can see a difference of the calculated thermal
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Fig. 3. Structure of PPG with the grain orientation angle of (a) 16.26°, (b) 22.61°, and (c) 31.89°. The angles between the green and pink squares represent the GB orientation angles
between the two neighbouring grains. (A colour version of this figure can be viewed online.)
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Fig. 4. Temperature profile along the length direction of (a) pristine PG, and (b) PPG with grain orientation angle of 22.61°. (A colour version of this figure can be viewed online.)
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Fig. 5. (a) Inverse of the thermal conductivities of pristine PG and PPGs versus the inverse of the simulation box length (Ig). (b) Inverse of the thermal conductivity of rotated PG
(22.61°) versus the inverse of box length (Ig). (A colour version of this figure can be viewed online.)
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conductivity between the two models. This can be solely attributed
to the phonon scattering in the GB regions. Anisotropic effect is
rarely considered when calculating the thermal conductivity of 2D
materials with non-hexagonal symmetry. The thermal transport
direction in previous works is usually parallel to the crystal axis
[16,28,29,32], which omits the influence of incident heat flux di-
rection. Therefore, the above results demonstrate that the thermal
conductivity depends on the orientation of the 2D sheet, suggesting
that the geometric anisotropy cannot be neglected in simulations.

To further explore the mechanism of the reduction of thermal
conductivity, the phonon group velocity of pristine PG and rotated
PG with grain orientation angle of 22.61° are calculated by using
PHONOPY [62]. The calculated results are plotted in Fig. 6 (a). One
can see that in the whole frequency region, the phonon group ve-
locity of pristine PG is larger than that of rotated PG. The phonon
group velocity of rotated PG in the middle and high frequency re-
gion (10—50 THz) is smaller than 5000 m/s and most of the phonon
group velocity is smaller than 10000 m/s in low frequency region
(0-10 THz), while that for pristine PG is larger than 10000 m/s in the
low frequency region (0—10 THz). The reduced phonon group ve-
locity of rotated PG leads to the reduction in thermal conductivity.

We then calculate the vibrational density of states (VDOS),
which can describe the distribution of phonons with different
frequencies, by taking a Fourier transform on the atom velocity
autocorrelation function [63,64]. Fig. 6 (¢) and (d) show the VDOS of
the two regions (see Fig. 6. (b)) in pristine PG and PPG (22.61°),
respectively. The VDOS of the two regions are almost overlapped in
pristine PG. While for the PPG, the deviation between the VDOS of
two regions is noticeable. In the frequency range of 40—45 THz, the
peak of VDOS for region 1 has a deviation from that for region 2.
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Similar deviation also shows in the frequency range of 5-—10,
20—-25, 30—35 THz. The overlap between two VDOS can be quan-
tified by integrating the spectra over frequency,

1= jﬁ ()fs(w)dw (5)

where f;(w) and f,(w) is the spectral function of phonon mode
frequency w of two regions. Based on Eq. (5), the overlap of pristine
PG and the PPG are calculated to be 0.23 and 0.15, respectively,
showing that the overlap of PPG is smaller than that of pristine PG,
resulting more vibrational mismatch. Such vibrational mismatch
will decrease the heat transfer efficiency in the structure, thus
leading to the decrease in thermal conductivity.

We then study the thermal transport in the GB regions by
calculating the boundary conductance. Table 1 shows a summary of
the temperature jumps and the heat flux for the PPGs with the
different grain sizes and grain orientations, from which boundary
conductance can be calculated based on Eq. (4). We find that the
values of boundary conductance are in a small range from
0.43 x 10'° to 0.57 x 10" W/m?K. These values are in one order of
magnitude smaller than that of polycrystalline graphene calculated
by Akbar et al. [50], but two or three times larger than that of
ultrananocrystalline diamond thin films with GBs [65], Si-Ge
interface and Si-Si (001) =29 GBs, respectively [66,67]. We note
that the boundary conductance of PPG depends weakly on the grain
orientation angles. This is different from that of polycrystalline
graphene, where the boundary conductance decreases with the
increase of the grain orientation angle [50]. A rational under-
standing is, in polycrystalline graphene, the increase of defect
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Fig. 6. (a) Absolute value of the phonon group velocities (V) of pristine PG and the rotated PG (22.61°), (b) Schematic diagram of pristine PG and PPG (22.61°) with two regions, (c)
and (d) Vibrational density of states of pristine PG and PPG, respectively. (A colour version of this figure can be viewed online.)
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Table 1

Temperature jumps (in K) and heat flux (in W/m?), given in brackets, for the PPGs with different grain sizes and orientation angles.

Grain orientation angle 25 nm grain size

50 nm grain size 75 nm grain size

16.26° 4461 (1.95 x 10'")
22.61° 45.61 (2.53 x 10')
31.89° 47.86 (2.24 x 10')

45.51(1.98 x 10')
4540 (2.57 x 10')
54.92 (2.23 x 10'1)

4216 (1.97 x 10')
51.95 (2.53 x 10'")
49.35 (2.18 x 10'")

density as the grain orientation angles becomes larger, thus leading
to a drop in the boundary conductance caused by more phonon
scattering. On the contrary, the defect density in PPG does not
exhibit an obvious correlation with the grain orientation angles, so
that phonon scattering changes little at different GB regions. Note
that the calculated conductance also slightly depends on the size of
grains (see Fig. 7), which is similar to the cases of GBs in graphene
[50], Si-Ge and silicon [68], where scattering of long wavelength
phonons at heat reservoirs and at the boundaries exist.

As the grain size increases, the effect of GBs on thermal con-
ductivity becomes weaker, where the phonon scattering is pri-
marily decided by the grain itself instead of the GBs. However,
when the grain size decreases, the contribution from GBs to the
thermal conductivity becomes more dominant. For the PPG, the
thermal conductivity k, can be written as

I = k!t (Gly) ! (6)

p g

where kg is the thermal conductivity of grain, Iy is the grain spacing.
By using this expression together with the calculated boundary
conductance, we estimate the critical size of the grains, below
which the contribution from GBs are comparable to that of the
scattering from the grains. The length scale is simply the ratio of
thermal conductivity to the boundary conductance. For our studied
system, the length scale is of the order of 25 nm, which is much
smaller than that of polycrystalline graphene (0.1 um) [50]. This
finding clearly indicates that in large scale synthesis of PG, no
special attentions or skills are needed to control the grain bound-
aries for reducing the effect on thermal conductivity.

4. Conclusions

In this work, the effect of grain boundaries on the thermal
transport properties of PG has been systematically studied for the
first time by using RNEMD simulations. Based on the CSL theory, we
have constructed six GB structure models, and selected three low-
lying energy configurations with orientation angles of respectively
11.26°, 22.61°, and 31.89° for further investigation, and their cor-
responding thermal conductivities are calculated to be 120.48,
112.36 and 128.20 W/mK at room temperature, respectively, which

1.0
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Fig. 7. Boundary conductance of GBs in PPG with different orientation angles. (A colour
version of this figure can be viewed online.)

are decreased by about 20% as compared to that of pristine PG. The
boundary conductance of PPGs with the different orientation an-
gles changes in a narrow range of 0.43 x 10'° to 0.57 x 10" W/mK.
In addition, we have further identified the main factors affecting
the thermal conductivity: (1) phonon scattering caused by the ex-
istence of GBs; (2) the reduced phonon group velocity; (3) the
mismatch of vibrational density of states in PPGs resulted from the
geometric anisotropy of PPG. These findings would help us to
comprehend the thermal conductivity of 2D carbon materials
beyond the well-studied graphene.
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